Proliferating cells of the external granular layer (EGL) in the developing cerebellum are highly sensitive to ionizing radiation. We examined the effect of lithium, an inhibitor of intracellular signaling, on the manifestation of radiation-induced apoptosis. Newborn mice were exposed to 0.5 Gy gamma-irradiation alone, or first were treated with lithium (10 pmol/g, SC) then given 0.5 Gy irradiation 2 hr later. The EGL was examined histologically for apoptosis at various times after treatment. Apoptotic cells increased rapidly, peaked (about 14%) 6 hr after irradiation, then decreased gradually to the control level by 24 hr. Prior treatment with lithium delayed the manifestation of apoptosis, the peak appearing at 12 hr. The disappear ance of dead cells was delayed for about one day. The lithium concentration in the whole brain increased rapidly, being 30,ug/g at the time of irradiation and remaining at more than 40,ug/g for 40 hr. Lithium is reported to inhibit guanine-nucleotide binding to G proteins as well as phosphoinositide turnover. Of the variety of lesions induced by radiation, DNA double strand breaks are the most important source of cell lethality. The present findings, however, suggest that cyclic AMP-mediated and/or phosphoinositide mediated signaling systems regulate radiation-induced apoptosis.
INTRODUCTION
Proliferating neuron precursor cells are highly sensitive to the killing effect of ionizing radiation'"2). Neurogenesis has two phases in cerebellar development: Purkinje cells, Golgi cells and neurons in the deep nuclei are produced from the ventricular zone in the fetal stage then basket, stellate and granule cells arise from the external granular layer (EGL), which occupies the surface of the primordial cerebellum, in the postnatal period in rats and mice 3). Actively proliferating EGL cells are particularly sensitive to ionizing radiation and readily undergo cell death [4] [5] [6] . This radiation-induced cell death in the EGL is regarded as apoptosis7-9) by nuclear and cytoplasmic condensation, by the required macromolecular synthesis, and by the cleavage of DNA into nucleosome size2,6,10>
Receptor-mediated apoptosis in thymocytes is speculated to be controlled by an intracellular signaling system that involves cytosolic Ca 2+, cyclic AMP, and protein kinase C11,12> There is a parallel between receptor regulation of both adenylate cyclase which produces cyclic AMP and of phospholipase C which leads to protein-kinase-C activation. In each of these enzyme systems, an activated receptor associates with a specific guanine-nucleotide binding protein (G protein) causing its dissociation and the displacement of GDP by GTP to activate or inactivate the effector enzyme '3) Lithium is reported to inhibit guanine-nucleotide binding to G proteins14'15 , and to have an inhibitory effect on the phosphoinositide metabolism that results from its potent inhibition of inositol-l-phosphatase16). This multiple inhibitory behavior of lithium could affect both the cyclic AMP-mediated systems and the phosphoinositides-mediated second messenger systems that involve protein kinase C. We examined the effect of lithium on the manifestation of radiation induced apoptosis in the developing cerebellum of newborn mice although this apoptosis is not thought to be mediated by receptors.
MATERIALS AND METHODS
The animals were from a closed colony of Sic:ICR mice and were housed at 23±2°C and 50-60% relative humidity under an alternating 12-hour light/dark schedule. Solid food CE-2 (CLEA Japan) and tap water were made available ad libitum. Female mice more than 9 weeks old were mated with males. Pregnant females were allowed to give birth and rear their litters.
The morning following birth, pups of both sexes (1.91 ±0.19 g) were divided into four treatment groups: gamma-irradiation alone; lithium treatment followed by gamma-irradiation; lithium injection alone; and untreated control. Treatment with lithium took place 2 hours before gamma-irradiation. For the lithium treatment, lithium chloride that was dissolved in water and injected subcutaneously to the pups at a 10,umol/g body weight (69 pg/g lithium). For gamma-irradiation the pups were put in perforated plastic cages and exposed to a single dose of whole-body radiation from a cobalt-60 source at 0.5 Gy (81.3-88.2 mGy /min dose rate).
Pups were decapitated at various times after treatment and their brains removed. For each time interval, the brains of five pups were fixed with a fixative (4% formaldehyde and 0.2% pycric acid in 0.1 M phosphate buffer, pH 7.3) and used for histological examination, whereas those of three pups were frozen for the lithium analysis.
For the histological analysis the cerebellum was excised from the fixed brain, then dehy drated, embedded in paraffin, and 2 ,urn thick midsagittal section excised. These sections were stained with hematoxylin and eosin. The external granular layer (EGL) of the cerebellar cortex in the culmen was selected for observation ( Fig. 1) . More than 1500 cells per 3-4 sections were examined for each animal under a microscope at the magnification of X750. The incidence of cells showing nuclear condensation (pyknosis) was scored. The incidences of apoptotic cells were calculated after arcsin transformation of the percentages. The mean ± SD was plotted against the time after irradiation.
For the lithium analysis the brain was weighed then hydrolyzed with 0 .5 ml 5N NHO3 at 80°C for 24 hr. The solution was mixed with 0.3 ml 1% CsC1 and adjusted to 3.0 ml with pure water. The final solution was analyzed by plasma emission spectrometry with a Spectra Span IIIB (Spectra Metrics Incorporated, USA). 
RESULTS
A small number of cells showing nuclear pyknosis (0.5%) were present in the EGL of the control cerebellum as also reported previously4-6). Three hours after 0 .5 Gy irradiation, the number of pyknotic cells increased peaking at 14% 6 hr after exposure (Fig . 2) and gradually decreasing to the control level by 24 hr (Fig. 3) .
When the pups were injected with lithium chloride 2 hr before irradiation , the manifestation of apoptosis was delayed. Pyknotic cells began to increase at about 6 hr after irradiation , the peak appearing at 12 hr and at a level similar to that found for exposure to 0.5 Gy alone. The decrease thereafter was gradual, disappearance being delayed for about one day as compared to results for the exposure to 0.5 Gy alone (Fig. 3) .
The concentration of lithium in the brains of the pups increased rapidly after the sub cutaneous injection, being 30,ug/g wet weight at the time of exposure to radiation , and remaining more than 40,ug/g for 40 hr (Fig. 3) . Diacylglycerol is the activator of protein kinase C. Signal termination is achieved by sequential dephosphorylation of IP3 to inositol which subsequently is used in the resynthesis of phosphoinositide, thus completing the cycle. Lithium may block this cycle by inhibiting both the G protein and inositol-1-phosphatase functions 14-16) The pathways of the cyclic-AMP mediated and phosphoinositide-mediated sygnaling systems are located on the inner face of the cell membrane. DNA generally is accepted to be the most important target of ionizing radiation for the induction of lethal cell damage 17). DNA damage or distortion in the DNA nucleoprotein conformation is speculated to induce a nuclear signal, and signal transduction could pass from the nucleus to the cytoplasm18). There is a possibility that such signaling mediates apoptosis. In addition, the cell membrane also has been shown by radiation to be a sensitive target in inducing apoptosis in thymocytes19). Schulze-Osthoff et al. have shown that cytological alterations characteristic of apoptosis were induced in enucleated cells by anti-APO-1 antibody and the oxidant compound menadion, which suggests that DNA degradation is not required for the induction of apoptosis20). Our results from the in vivo experiment suggest that the cell membrane and cytoplasm, as well as DNA, have important roles in the process of radiation induced apoptosis.
D'Mello et al., however, reported that treatment of immature, but differentiated, cerebellar granule cells with Li+ in vitro resulted in apoptosis21). Following maturation, however, Li+ had a trophic effect on granule neurons21). In our experiment, lithium itself did not induce apoptosis in undifferentiated neuron precursor cells, but it did effect the apoptotic process induced by radiation. The mechanisms for the multiple actions of lithium on undifferentiated and differenti ated granule cells are not yet known; but, the effect of lithium on the neuron could depend on the developmental status of the cell.
